Introduction
============

In recent years, copper oxide nanoparticles (CuO NPs) have been used for a variety of purposes in a wide range of commercially available products such as electric conductors, electronic chips, heat transfer nanofluids, catalysts, gas sensors, solar cells, lithium batteries, and antimicrobial agents.[@b1-ijn-11-905],[@b2-ijn-11-905] The massive increase in the manufacture and use of CuO NPs has attracted major attention regarding potentially harmful effects. In vitro studies indicate that CuO NPs cause genotoxicity and cytotoxicity in lung epithelial, skin, peripheral blood, and cancer cell lines.[@b3-ijn-11-905]--[@b6-ijn-11-905] In vivo studies also reported the potential genotoxic risk of CuO NPs, such as increased neoplastic lesions, point mutations, DNA alterations, and DNA strand breaks.[@b7-ijn-11-905],[@b8-ijn-11-905] Some CuO NPs eventually enter the aquatic systems, raising concerns about toxicity from aqueous exposure.

The zebrafish (*Danio rerio*) is rapidly becoming an ideal model organism for evaluating the biotoxicity of a variety of nanomaterials. The ideal features of this organism include external fertilization, large number of spawn, transparent embryos, and rapid development.[@b9-ijn-11-905],[@b10-ijn-11-905] The liver, a main target for nanomaterial toxicity, is an essential organ that plays a number of vital functions including processing nutrients from ingested food, maintaining metabolites in the blood, and serving as a site for detoxification.[@b11-ijn-11-905] The blood--brain barrier (BBB) is a highly selective permeability barrier that separates circulating blood from brain extracellular fluid in the central nervous system (CNS). The BBB allows the passage of water, some gases, and lipid-soluble molecules by passive diffusion, as well as the selective transport of molecules such as glucose and amino acids that are crucial to neural functions. Most molecules cannot cross this barrier. However, nanoparticles are small in size and can cross the BBB or enter the brain through the nerve endings of the olfactory bulb, which makes the brain a target for these particles.[@b12-ijn-11-905],[@b13-ijn-11-905] A previous study reported that CuO NPs exposure induced oxidative stress and showed teratogenicity in zebrafish embryos.[@b14-ijn-11-905] To our knowledge, the effects of CuO NPs on zebrafish liver development and neurodifferentiation are still uncharacterized.

To investigate the effects of exposure to CuO NPs in vivo, embryonic and larval zebrafish were used as an animal model in this study. Specifically, we determined the following properties: 1) characterization of CuO NPs and their distribution on zebrafish chorion; 2) the impact of CuO NP exposure on zebrafish gross development, detoxifying enzymes, and inflammatory response; and 3) the relationships between high-dose CuO NP exposure and liver development, retinal neurodifferentiation, and behavioral changes. Our study might help to further evaluate the short-term effects of CuO NPs on zebrafish development as well as the hepatotoxicity and neurotoxicity of these nanoparticles.

Materials and methods
=====================

Dispersion and characterization of the CuO NPs
----------------------------------------------

Commercial CuO NPs (surface area 29 m^2^/g) were purchased from Sigma-Aldrich (544868; Sigma-Aldrich, St Louis, MO, USA). Fourier transform infrared (FTIR) spectrum was recorded with the Tensor 27 Fourier transform infrared spectrometer (Bruker Optik GmbH, Ettlingen, Germany) with a resolution of 2 cm^−1^ at 4,000--400 cm^−1^. The pore and particles on the chorion were tested using scanning electron microscopy (SEM) (SU8010; Hitachi Ltd., Tokyo, Japan). Briefly, embryos were exposed to CuO NPs at a concentration of 12.5 mg/L for 4 hours and fixed using 2.5% glutaraldehyde in phosphate-buffered saline (pH 7.2) overnight at 4°C. They were subsequently washed with 30%, 50%, 80%, 90%, and 100% (twice) ethanol and lyophilized prior to SEM imaging. The size of the particles was tested using transmission electron microscopy (TEM) (T-20; Philips, Eindhoven, the Netherlands). The CuO NPs were suspended in ultrapure water (Promega, Madison, WI, USA) at a concentration of 500 mg/L as a stock solution. The stock solution was dispersed with an ultrasonic vibrator (KQ2200; Kunshan Ultrasonic Instruments Co. Ltd., Kunshan, People's Republic of China) for 30 minutes, after which the suspension was diluted in 1× Holt buffer (60 mmol/L NaCl, 0.67 mmol/L KCl, 0.3 mmol/L NaHCO~3~, 0.9 mmol/L CaCl~2~, pH 7.2) to working concentrations of 50, 25, 12.5, 6.25, or 1 mg/L.

Experimental animals
--------------------

Wild-type zebrafish (AB strain) was used in this study and raised at 28.5°C with a 10/14-hour dark/light cycle.[@b15-ijn-11-905] Embryos were collected after natural spawning, sorted to remove feces and unfertilized eggs, incubated in E3 medium (5 mmol/L NaCl, 0.17 mmol/L KCl, 0.33 mmol/L CaCl~2~, 0.33 mmol/L MgSO~4~, pH 7.2) at 28.5°C, and developmentally staged by hours postfertilization (hpf) or days postfertilization (dpf). All of the procedures involving animals were approved by the Institutional Animal Care Committee at Nankai University.

Aqueous exposure
----------------

Aqueous exposure to CuO NPs was performed according to Organization for Economic Co-operation and Development guidelines.[@b16-ijn-11-905] At 4 hpf, dead embryos were removed and the remaining embryos were placed into six-well plates with 30 embryos in each well. Five groups of embryos, the exposed groups, were treated continuously with CuO NP-Holt buffer at concentrations of 50, 25, 12.5, 6.25, or 1 mg/L. The same number of embryos was incubated only in Holt buffer as a control. The aqueous exposure described earlier was repeated three times.

In situ hybridization
---------------------

Embryos and larvae were raised in 0.003% 1-phenyl-2-thiourea (Sigma-Aldrich Co., St Louis, MO, USA) no later than 24 hpf to prevent pigmentation, until 96 hpf. Embryos and larvae were anesthetized with 0.1% ethyl 3-aminobenzoate methanesulfonate salt (MS-222, Sigma), euthanized immediately, and fixed in 4% paraformaldehyde at 48, 72, and 96 hpf, respectively. Whole-mount in situ hybridization was performed using a standard protocol.[@b17-ijn-11-905],[@b18-ijn-11-905] A ceruloplasmin (*cp*, GenBank NM_131802) probe was used to label the hepatocytes. The cDNA encoding *cp* was linearized with *SacI*, and a riboprobe was synthesized with T7 polymerase. The probe was added to Eppendorf tubes at a concentration of 5 ng/µL and hybridized overnight at 55°C. On the second day, the embryos were washed and incubated in an alkaline phosphatase-conjugated antibody (Hoffman-La Roche Ltd., Basel, Switzerland) at a dilution of 1:1,500. On the third day, nitroblue tetrazolium/5-bromo-4-chloro-3-indolyl phosphate (Roche Diagnostics) was used as an enzymatic substrate. In each group, ten animals were processed at each time point.

Quantitative reverse transcription polymerase chain reaction
------------------------------------------------------------

Each total RNA was extracted from five embryos at 72 hpf using Trizol according to the manufacturer's protocol (Thermo Fisher Scientific, Waltham, MA, USA) and was reverse-transcribed by Moloney Murine Leukemia Virus reverse transcriptase (Promega) using oligo (dT) primers. Quantitative reverse transcription polymerase chain reaction (qRT-PCR) was performed using the SYBR Green Labeling System (Promega). Reaction procedures included a denaturing step at 95°C for 5 minutes, followed by 40 cycles of 95°C for 15 seconds, 55°C for 20 seconds, and 72°C for 30 seconds. Primer sequences included the following: glutathione *S*-transferase (GST) pi 1 (*gstp1*, GenBank NM_131734), forward 5′-AAGATCATGCTGGCGGACAA-3′, reverse 5′-TCACGTCAATGAGGGAAGCC′; cytochrome P450 1A (*cyp1a*, GenBank NM_131879), forward 5′-GCGTCCTGTTGTCGTACTCA-3′, reverse 5′-CCAGACTCCGACTTGATCCG-3′; tumor necrosis factor alpha (*tnfα*, GenBank NM_212859), forward 5′-GAACAACCCAGCAAACTC-3′, reverse 5′-CATCACCAGCGGTAAAGG-3′; superoxide dismutase 1 (*sod1*, GenBank NM_131294), forward 5′-ATCAAGAGGGTGAAAAGAAGC-3′, reverse 5′-AAAGCATGGACGTGGAAAC-3′; and actin, forward 5′-TTCACCACCACAGCCGAAAGA-3′, reverse 5′-TACCGCAAGATTCCATACCCA-3′. The qRT-PCR analysis described earlier was repeated three times.

Western blot analysis
---------------------

Western blotting was performed to test the expression of SOD1 and TNFα proteins. At 72 hpf, 30 embryos were lysed in a buffer containing protease inhibitor (Sigma), and protein concentration was quantified using a bicinchoninic acid Protein Assay Kit (EMD Millipore, Billerica, MA, USA). Proteins were separated in 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis gel and were transferred to a polyvinylidene fluoride membrane (EMD Millipore). Membranes were blocked in 5% nonfat dry milk in Tris-buffered saline and 0.05% Tween-20 for 1 hour and incubated with primary antibodies. Two primary antibodies were used in this study: anti-TNFα polyclonal antibody (diluted 1:200, sc-1348; Santa Cruz Biotechnology Inc., Dallas, TX, USA) and anti-SOD1 polyclonal antibody (diluted 1:500, sc-11407; Santa Cruz Biotechnology Inc.). Anti-GAPDH (diluted 1:3,000; EMD Millipore) was used as a loading control. On the second day, the blots were rinsed with Tris-buffered saline and 0.05% Tween-20 and incubated with secondary antibodies for 1 hour. The bound antibodies were detected using an enhanced chemiluminescence assay (EMD Millipore).

Measurement of SOD activity
---------------------------

Thirty embryos from each group (12.5 mg/L unexposed and 50 mg/L exposed) were collected at 72 hpf. Protein samples were prepared and quantified as described in the section "Western blot analysis". SOD activity was determined by xanthine/xanthine oxidase method using a Total Superoxide Dismutase Assay Kit (WST-8, S0101; Beyotime, Shanghai, People's Republic of China) and was measured according to the manufacturer's protocol. One unit of SOD activity was defined as the amount of protein that inhibited the rate of nitroblue tetrazolium reduction by 50%.[@b19-ijn-11-905] The SOD activity measurement described earlier was repeated three times.

Histology and immunohistochemistry
----------------------------------

Embryos were anesthetized with MS-222 (Sigma), euthanized immediately, and fixed in 4% paraformaldehyde. For hematoxylin and eosin (HE) staining at 4 dpf, the zebrafish was embedded in paraffin and 5 µm thick sagittal sections were prepared. Sections were deparaffinized, rehydrated through graded ethanol, and stained using standard protocols.[@b20-ijn-11-905],[@b21-ijn-11-905] In each group, ten animals were processed. For immunofluorescence at 72 hpf, the embryos were cryoprotected with 20% sucrose in 0.1 mol/L phosphate-buffered saline (pH 7.2) and frozen in optimal cutting temperature compound (Sakura Finetek, Torrance, CA, USA). Serial transverse cryosectioning at 8 µm thickness was performed, and immunohistochemistry was performed as described previously.[@b22-ijn-11-905],[@b23-ijn-11-905] Three primary antibodies were used in this study: mouse monoclonal antibodies Zn12 (1:500), Zpr1 (1:500), and Zpr3 (1:500) for labeling ganglion cells, cones, and rods, respectively. All of these antibodies were from the Zebrafish International Resource Center (University of Oregon, Eugene, OR, USA). Ten animals were processed in each group.

Behavioral analysis
-------------------

Larvae were divided into three groups: unexposed larvae (control group), larvae exposed to 12.5 mg/L CuO NP (12.5 mg/L exposed group), and larvae exposed to 50 mg/L CuO NP (50 mg/L exposed group). Larvae from the 12.5 mg/L exposed group and 50 mg/L exposed group were incubated in CuO NP-Holt buffer until 6 dpf. Larvae from the unexposed group were incubated in Holt buffer until 6 dpf. At 9 am of 5 dpf and 6 dpf, larvae were provided a 30-minute interval in E3 medium and fed with paramecia before being replaced in the CuO NP-Holt buffer. Behavioral test was performed at 6 dpf. Larvae from each group were collected, cleaned in E3 medium, and placed in 24-well plates. Each well contained 2 mL of E3 medium and one larva; six larvae were in each group. After a 15-minute acclimation period, the larvae were allowed to freely explore the aquarium. A camera positioned above the plate was used to track movement for 10 minutes. The Ethovision XT software (Noldus Information Technology, Wageningen, the Netherlands) was used to analyze the digital tracks and produce heat maps. The system noise was filtered out at a minimum movement distance of 0.2 mm.[@b17-ijn-11-905] Six parameters, including total movement distance, velocity, angular velocity, fast movement time, medium movement time, and slow movement time, were analyzed. The behavioral test described earlier was repeated three times.

Photography and image analysis
------------------------------

Images of the embryos and larvae were captured with a DP72 digital camera mounted on an SZX16 dissecting microscope (Olympus Corporation, Tokyo, Japan). Images of the HE staining were photographed with a DP71 digital camera mounted on a BX51 fluorescence microscope (Olympus Corporation). Images of the immunofluorescence were captured with an FV 1000 confocal microscope (Olympus Corporation). All of the resulting images were compiled in Adobe Photoshop 7.0 (Adobe Systems Incorporated, San Jose, CA, USA) and resized. They were occasionally modified for contrast and brightness using the Image--Adjustments--Contrast--Brightness setting. All of the images within an experiment were manipulated similarly.

Statistical analysis
--------------------

Statistical analysis was performed with GraphPad software (version 5.0; GraphPad Software, Inc., La Jolla, CA, USA). The survival rate and hatching rate of the CuO NP-exposed groups and the unexposed group were represented as the average percentage of the survival and hatching rate from three repeated tests. The comparison among six groups was based on one-way analysis of variance (ANOVA). ImageJ software (1.49×; NIH, <http://rsb.info.nih.gov/ij/>) was used to convert the Western blot gel images to 8-bit grayscale prior to densitometric analysis of each band. ImageJ was also used to convert the immunostaining images to 8-bit grayscale prior to thresholding, positive staining, and assessing the positive area in each image. Excel was used to calculate the relative expression of *gstp1*, *cyp1a*, *tnfα*, or *sod1* mRNA and protein, SOD activity, the relative expression of Zn12, Zpr1, and Zpr3, and parameters of behavioral test from the unexposed group, the 12.5 mg/L exposed group, and the 50 mg/L exposed group. The values were averaged across three groups, and statistical analysis was performed with a one-way ANOVA. The significance level was set at *P*-value \<0.05.

Results
=======

Characterization of CuO NPs
---------------------------

FTIR spectroscopy indicated that the peak at 522 cm^−1^ came from Cu--O in the FTIR spectrum (see[@b24-ijn-11-905]; [Figure 1A](#f1-ijn-11-905){ref-type="fig"}, arrow). SEM images showed that the pore on the surface of the chorion was \~600 nm in diameter ([Figure 1B](#f1-ijn-11-905){ref-type="fig"}, asterisk), which was much larger than the nanoparticles ([Figure 1B](#f1-ijn-11-905){ref-type="fig"}, arrowheads) we used in this study. In the TEM images, CuO NPs exhibited different shapes and diameters. Small particles were spherical, whereas the larger ones were of irregular shapes ([Figure 1C and D](#f1-ijn-11-905){ref-type="fig"}). The size of the CuO NPs was distributed from 20 to 130 nm. Most particles had an average diameter of 50--60 nm ([Figure 1E](#f1-ijn-11-905){ref-type="fig"}).

Embryos exposed to CuO NPs at high doses showed abnormal phenotypes
-------------------------------------------------------------------

Phenotypes were assessed at 24, 48, and 72 hpf. Compared to the unexposed embryos ([Figure 2A--C](#f2-ijn-11-905){ref-type="fig"}), no apparent malformation was observed at any time point in embryos from the 1 mg/L exposed and 6.25 mg/L exposed groups (Nusslein-Volhard and Dahm[@b25-ijn-11-905]; [Figure 2D--I](#f2-ijn-11-905){ref-type="fig"}). However, differences were found in the gross appearance of embryos from the 12.5, 25, and 50 mg/L exposed groups. At 24 hpf, embryos had not reached the primula 5 stage, and the rudiments of the primary organs were hardly recognizable. At 48 and 72 hpf, the embryos had a shorter body axis, less pigmentation, and smaller eyes with remarkably larger yolk sacs. As the concentration of CuO NPs increased, the more obvious abnormal phenotypes also increased ([Figure 2J--R](#f2-ijn-11-905){ref-type="fig"}). To evaluate the toxicity of CuO NPs, we further monitored the survival and hatching rate at 24, 48, and 72 hpf. For the survival rate, all exposed groups showed lower survival rates at 24, 48, and 72 hpf ([Figure 2S](#f2-ijn-11-905){ref-type="fig"}; ANOVA, \**P*\<0.05). At 72 hpf, the hatching rates in the 6.25, 12.5, 25, and 50 mg/L exposed groups were statistically lower than those in the unexposed and 1 mg/L exposed groups ([Figure 2T](#f2-ijn-11-905){ref-type="fig"}; ANOVA, \**P*\<0.05). Together, the gross appearance, survival rate, and hatching rate results indicate that an exposure to CuO NPs affected embryonic development in a dose-dependent manner. At high doses (12.5 mg/L or above), exposure to CuO NPs led to a delay in gross development. We chose 12.5 and 50 mg/L as the two aqueous exposure doses to further investigate liver development, neurodifferentiation, and behavioral changes caused by exposure to CuO NPs.

Exposure to CuO NPs at high doses increased the expression of detoxifying enzymes and induced an inflammatory response
----------------------------------------------------------------------------------------------------------------------

Xenobiotics-metabolizing enzymes play central roles in the metabolism and/or detoxification of xenobiotics.[@b26-ijn-11-905] In this study, two enzymes, *gstp1* and *cyp1a*, were quantified by quantitative polymerase chain reaction following CuO NPs exposure. *gstp1* expression was increased significantly in 12.5 mg/L exposed and 50 mg/L exposed groups ([Figure 3A](#f3-ijn-11-905){ref-type="fig"}; ANOVA, \**P*\<0.05). The expression of *cyp1a* was slightly increased in 12.5 and 25 mg/L exposed embryos. In 50 mg/L exposed embryos, the expression of *cyp1a* was significantly higher than in other groups ([Figure 3B](#f3-ijn-11-905){ref-type="fig"}; ANOVA, \**P*\<0.05). To investigate the possible mechanisms of CuO NP exposure, we performed quantitative polymerase chain reaction to examine the expression of *tnfα* and *sod1* using total RNA isolated from 72 hpf unexposed, 12.5 mg/L exposed, and 50 mg/L exposed embryos. The expression of *tnfα* showed an increase in the two exposed groups, whereas the expression of *sod1* was decreased. However, the differences were not statistically significant ([Figure 3C and D](#f3-ijn-11-905){ref-type="fig"}; ANOVA, *P*\>0.05). Next, we tested TNFα and SOD1 protein expression using Western blotting. The expression level of TNFα was higher in the 12.5 mg/L exposed and 50 mg/L exposed groups than in the unexposed group ([Figure 3E and F](#f3-ijn-11-905){ref-type="fig"}). The expression of SOD1 was similar in the unexposed and 12.5 mg/L exposed embryos, but dramatically decreased in the 50 mg/L exposed embryos ([Figure 3E and G](#f3-ijn-11-905){ref-type="fig"}). To determine whether this decrease was functional, we measured SOD activity. When the concentration of CuO NPs was increased, SOD activity decreased. Moreover, SOD activity was significantly lower in the 50 mg/L exposed group than in the unexposed and 12.5 mg/L exposed groups ([Figure 3H](#f3-ijn-11-905){ref-type="fig"}; ANOVA, \**P*\<0.05). The earlier data indicate that exposure to CuO NPs at higher dose activated the detoxifying enzymes, induced an inflammatory response, and stimulated oxidative stress in zebrafish embryos.

Exposure to CuO NPs at high doses resulted in an underdeveloped liver
---------------------------------------------------------------------

Liver development was examined by whole-mount in situ hybridization using the hepatocyte-specific mRNA probe ceruloplasmin (*cp*) at 48, 72, and 96 hpf. At 48 hpf, *cp* expression was detected on the left side of the trunk in embryos from the unexposed (Korzh et al[@b27-ijn-11-905]; [Figure 4A](#f4-ijn-11-905){ref-type="fig"}, arrowhead), 12.5 mg/L exposed ([Figure 4B](#f4-ijn-11-905){ref-type="fig"}, arrowhead), and 50 mg/L exposed ([Figure 4C](#f4-ijn-11-905){ref-type="fig"}, arrowhead) groups. More *cp*-expressing cells were detected in the livers of all three groups ([Figure 4D--F](#f4-ijn-11-905){ref-type="fig"}, arrowheads) at 72 hpf. At 96 hpf, *cp* was expressed posterior to the heart and lateral to the intestine ([Figure 4G--I](#f4-ijn-11-905){ref-type="fig"}, arrowheads). However, the size of the livers was significantly reduced in embryos or larvae from the 12.5 or 50 mg/L exposed groups at each time point ([Figure 4B, C, E, F, H, and I](#f4-ijn-11-905){ref-type="fig"}). We performed HE staining on sections to further investigate the reduction in liver size at 96 hpf. In unexposed larva, the hepatocytes were epithelioid, polygonal-shaped cells with a central nucleus ([Figure 4J and M](#f4-ijn-11-905){ref-type="fig"}). However, hepatocytes were irregularly shaped in the 12.5 mg/L ([Figure 4K and N](#f4-ijn-11-905){ref-type="fig"}) and 50 mg/L exposed larvae ([Figure 4L and O](#f4-ijn-11-905){ref-type="fig"}). The nuclei were large and darkly stained, and the cells exhibited an increased nuclear-to-cytoplasmic ratio, especially in the 50 mg/L exposed larva. These data indicate that exposure to CuO NPs at high doses resulted in an underdeveloped liver in embryonic and early larval zebrafish.

Neuronal differentiation was delayed following CuO NPs exposure
---------------------------------------------------------------

To evaluate the potential neurotoxicity of CuO NPs, the expression of three cell-type specific antibodies was examined. In the ganglion cell layer, the Zn12 antibody recognizes a cell surface epitope on ganglion cells.[@b28-ijn-11-905] For photoreceptors in the outer nuclear layer, the Zpr1 antibody labels a cell surface epitope on red/green-sensitive double cones and the Zpr3 antibody labels an antigenic region on the rods.[@b29-ijn-11-905]--[@b31-ijn-11-905] At 72 hpf, the ganglion cell layer, inner nuclear layer, and outer nuclear layer were fully laminated. Meanwhile, ganglion cells, cones, and rods were well-differentiated in the retinas of the unexposed group ([Figure 5A--C](#f5-ijn-11-905){ref-type="fig"}). Following exposure to CuO NPs, the retinas of the 12.5 and 50 mg/L embryos were also laminated, and the retinal neurons expressed the appropriate cell type-specific markers ([Figure 5D--I](#f5-ijn-11-905){ref-type="fig"}). However, in retinas from both CuO NP exposed groups, there were fewer Zn12-positive, Zpr1-positive, and Zpr3-positive cells than in the retinas from the unexposed group ([Figure 5J--L](#f5-ijn-11-905){ref-type="fig"}; ANOVA, \**P*\<0.05), which suggested that exposure to CuO NPs delays retinal neurodifferentiation.

Exposure to CuO NPs at high doses resulted in reduced locomotor capacity
------------------------------------------------------------------------

To determine whether functional changes were associated with CuO NP exposure in zebrafish, we performed behavioral tests on larvae at 6 dpf. There were three groups in the trial: unexposed, exposed to 12.5 mg/L CuO NPs solution (12.5 mg/L exposed), and exposed to 50 mg/L CuO NPs solution (50 mg/L exposed). After exposing the larvae to CuO NPs for 6 days, we performed the behavioral tests. The digital tracks and heat maps are shown in [Figure 6A and B](#f6-ijn-11-905){ref-type="fig"}. We then analyzed the digital tracks for six parameters. Larvae from 12.5 mg/L exposed and 50 mg/L exposed groups showed decreased total movement distance, velocity, and angular velocity ([Figure 6C--E](#f6-ijn-11-905){ref-type="fig"}; ANOVA, \**P*\<0.05). No significant difference was found in fast movement time among the three groups ([Figure 6F](#f6-ijn-11-905){ref-type="fig"}). However, both the medium movement time and the slow movement time in the two exposed groups were longer than in the unexposed group. Furthermore, in the 50 mg/L exposed group, these differences were statistically significant ([Figure 6G and H](#f6-ijn-11-905){ref-type="fig"}; ANOVA, \**P*\<0.05), thus revealing that exposure to CuO NPs resulted in the reduced locomotor capacity of zebrafish larvae.

Discussion
==========

Currently, an increasing number of nanoparticles are used in various products. There is increased concern surrounding their safety in terms of worker exposure as well as for consumers and the general public because nanoparticles are smaller in size and have relatively larger surfaces compared to particles in the micrometer size. An in vitro study showed that CuO nanoparticles were more toxic than CuO microparticles because of their ability to damage mitochondria.[@b32-ijn-11-905] In mice, the liver, kidney, and olfactory bulb were the main tissues in which nanoscale copper particles accumulated after nasal inhalation.[@b33-ijn-11-905] In this study, we investigated the injury caused by commercial CuO NPs in a zebrafish model. The influence induced by other sizes of CuO NPs requires further study.

The characterization of CuO NPs is shown in [Figure 1](#f1-ijn-11-905){ref-type="fig"}. The SEM images revealed that the size of the zebrafish chorion pore was \~600 nm in diameter ([Figure 1B](#f1-ijn-11-905){ref-type="fig"}). The TEM images indicated that most of the CuO NPs had an average diameter of 50--60 nm. Therefore, the CuO NPs entered the embryos across the chorion via the pores. The toxicity of CuO NPs was assessed in zebrafish exposed to CuO NPs-Holt buffer solutions at a working concentration of 50, 25, 12.5, 6.25, or 1 mg/L. The phenotypes of the embryos at concentrations of 1 and 6.25 mg/L remained similar to those of unexposed controls at 24, 48, and 72 hpf ([Figure 2D--I](#f2-ijn-11-905){ref-type="fig"}). Abnormal phenotypes were observed in embryos exposed to CuO NPs at the higher concentrations of 12.5, 25, and 50 mg/L. The differences included a shorter body axis, decreased pigmentation, smaller eyes, and remarkably bigger yolk sacs ([Figure 2J--R](#f2-ijn-11-905){ref-type="fig"}). As the concentration of CuO NPs increased, the abnormal phenotypes became more severe. Additionally, there was a significant difference in the survival and hatching rate between animals exposed to CuO NPs and the unexposed controls ([Figure 2S and T](#f2-ijn-11-905){ref-type="fig"}), which is consistent with a previous study.[@b34-ijn-11-905] We believe that aqueous CuO NP exposure at concentrations of 12.5 mg/L or higher will lead to a dose-dependent disturbance in the gross development of zebrafish. Because 12.5 mg/L was the threshold for the abnormal phenotype and 50 mg/L was the highest concentration used in this study, we chose these two doses to further study the impact of CuO NPs on the liver and CNS.

The GSTs are one of the key enzymes that mediate Phase II of cellular detoxification. In zebrafish, there are two genes in GST Pi class, *gstp1* and *gstp2*. *Gstp1* shows high expression throughout zebrafish tissues, unlike low expression of *gstp2*.[@b35-ijn-11-905] Cytochrome P450 1a (*cyp1a*) is a member of the cytochrome P450 (*cyp*) mixed-function oxidase system, which is responsible for the detoxification of exogenous chemicals and the metabolism of endogenous substrates in the body.[@b36-ijn-11-905] When CuO NPs were introduced into the embryos, especially at higher doses, *gstp1*and *cyp1a* were activated in order to protect the body against potentially harmful impacts and to minimize the insults ([Figure 3A and B](#f3-ijn-11-905){ref-type="fig"}). TNFα, a pleiotropic inflammatory cytokine produced mainly by activated macrophages, mediates a broad range of cellular activities, including proliferation, survival, differentiation, and apoptosis, and is considered to be essential for the induction and maintenance of the inflammatory immune response.[@b37-ijn-11-905] Both the mRNA and protein expression of TNFα increased in the two exposed groups ([Figure 3C, E, and F](#f3-ijn-11-905){ref-type="fig"}). Superoxide is produced as a by-product of oxygen metabolism and causes several types of cell damage. SOD enzymes alternately catalyze the dismutation of the superoxide radical into either an ordinary molecular oxygen or hydrogen peroxide. Thus, SOD enzymes are an important antioxidant defense for nearly all cells exposed to oxygen.[@b38-ijn-11-905],[@b39-ijn-11-905] The expression of *sod1* mRNA and SOD1 protein was decreased in the exposed groups, accompanied by decreased SOD activity ([Figure 3D, E, G, and H](#f3-ijn-11-905){ref-type="fig"}). It has previously been shown that oxidative damage might be a common result of cell damage induced by many types of nanoparticles.[@b40-ijn-11-905] The decline in the SOD activity directly revealed that the antioxidant system was overpowered and the embryos were under stress.[@b14-ijn-11-905] Our results from TNFα and SOD1 expression experiments support our hypothesis that CuO NP exposure at high doses induces an inflammatory response and stimulates oxidative stress, which results in an accumulation of oxygen-derived free radicals.

Compared to the mammalian liver, the zebrafish liver has distinguishable histological characteristics. The portal veins, hepatic arteries, and large biliary ducts are distributed stochastically within the hepatic parenchyma. Hepatocytes are arranged as tubules that enclose small bile ducts.[@b41-ijn-11-905] Despite these differences, the genes and developmental pathways are highly conserved between zebrafish and mammals. Hepatocytes make up the majority of a liver and perform most of the liver's functions including metabolism, detoxification, and homeostasis.[@b42-ijn-11-905] In this study, we used two approaches to identify the effects of CuO NPs on the liver. First, liver development was studied using whole-mount in situ hybridization. *cp* is a specific molecular marker that detects early hepatic cells and is expressed in the liver bud from 32 to 34 hpf onward.[@b43-ijn-11-905],[@b44-ijn-11-905] In embryos and larvae from the 12.5 and 50 mg/L exposed groups, the cellular localization of *cp*-expressing cells was similar to that of unexposed embryos or larvae. However, the exposed embryos or larvae exhibited livers of reduced size ([Figure 4B, C, E, F, H, and I](#f4-ijn-11-905){ref-type="fig"}). Second, we examined the morphology of livers by HE staining at 96 hpf. Under physiological conditions, the hepatocytes are epithelioid, polygonal-shaped cells with a central nucleus.[@b45-ijn-11-905] However, hepatocytes from the 12.5 and 50 mg/L exposed larvae showed some degree of immaturity, especially in the 50 mg/L exposed larvae. The hepatocytes were in irregular shapes with large and darkly stained nuclei and an increased nuclear-to-cytoplasmic ratio ([Figure 4K, L, N, and O](#f4-ijn-11-905){ref-type="fig"}). The consistent findings from in situ hybridization and HE staining demonstrated that with a higher exposure dose, the morphological changes were more obvious. The exposure to CuO NPs at high doses was hepatotoxic, as seen by slower liver development in zebrafish embryos.

Anatomically and developmentally, the retina is known to be an extension of the CNS and is used as an ideal model to study brain development, injury, and diseases.[@b46-ijn-11-905] The zebrafish retina is rapidly becoming a major model for the study of neurogenesis due to its scheduled spatiotemporal developmental pattern.[@b47-ijn-11-905] Ganglion cells are the first identifiable cells that exit the cell cycle at \~28--32 hpf and differentiation then spreads dorsally around to the ventral temporal retina in a wave-like manner.[@b48-ijn-11-905] The cells in the outer nuclear layer, the cone and rod photoreceptors, complete development by 72 hpf.[@b49-ijn-11-905] In this study, Zn12, Zpr1, and Zpr3 antibodies were used as markers to probe the differentiation of ganglion cells, cones, and rods, respectively. Although Zn12-, Zpr1-, and Zpr3-positive cells were detected at 72 hpf in the 12.5 mg/L exposed and 50 mg/L exposed retinas as well as in unexposed controls ([Figure 5A--I](#f5-ijn-11-905){ref-type="fig"}), the number of positive cells was significantly decreased in both CuO NP-exposed groups compared to the unexposed group ([Figure 5J--L](#f5-ijn-11-905){ref-type="fig"}). Combined with the smaller eyes following exposure at a concentration of 12.5 mg/L or above, we believe that exposure to CuO NPs at high doses does not alter the positional information or cell identities in the retina. However, exposure to CuO NPs at higher concentrations leads to a delay in neuronal differentiation. Future studies on larval or adult zebrafish will be helpful to explore the neurotoxicity of CuO NPs in depth.

The behavioral analysis of zebrafish movement is very intuitive, simple, and quick.[@b50-ijn-11-905]--[@b52-ijn-11-905] Until now, the behavioral aspects of CuO NP exposure have not been reported. In this study, locomotion was evaluated by determining the total movement distance, velocity, angular velocity, fast movement time, medium movement time, and slow movement time. The angular velocity represents the amount of turning per unit time.[@b17-ijn-11-905] The total movement distance, velocity, and angular velocity decreased significantly in the exposed larvae in a dose-dependent manner ([Figure 6C--E](#f6-ijn-11-905){ref-type="fig"}). Combined with the digital tracks and heat maps ([Figure 6A and B](#f6-ijn-11-905){ref-type="fig"}), these results showed that larvae from the two exposed groups were less active compared with larvae from the unexposed group. Three swimming speeds, namely, slow (\<5 mm/s), medium (5 mm/s≤v≤20 mm/s), and fast (\>20 mm/s), described the movement trajectory of larval zebrafish.[@b53-ijn-11-905] The medium movement time and the slow movement time were extended in the exposed groups ([Figure 6G and H](#f6-ijn-11-905){ref-type="fig"}), which indicated that most larvae preferred to swim at a middle--low speed following CuO NP exposure. This is the first study to demonstrate that CuO NP exposure at high doses results in reduced locomotion ability. The altered larval behaviors might result from the delayed development of the CNS or an impact on the neuromuscular system.[@b54-ijn-11-905]

Overall, our data indicate that CuO NP aqueous exposure at high doses (12.5 mg/L or above) activates xenobiotics-metabolizing enzymes, induces an inflammatory response, and shows developmental toxicity on the zebrafish liver and CNS. Further testing of long-term exposure will help us develop a thorough understanding of the environmental concerns and safe use of CuO NPs.
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![Dispersion and characterization of CuO NPs.\
**Notes:** (**A**) Fourier transform infrared spectra of CuO NPs. (**B**) Scanning electron microscopy image of chorion surface in 12.5 mg/L exposed embryos at 8 hours postfertilization. Note that the diameter of pores (asterisk) is \~600 nm, which is much larger than that of the CuO NPs (arrowheads). (**C** and **D**) Transmission electron microscopy images of the CuO NPs. (**E**) Size distribution of CuO NPs. Note that most particles were 50--60 nm in diameter. Scale bar: (**B**), 600 nm; (**C**), 100 nm; (**D**), 50 nm.\
**Abbreviations:** CuO NPs, copper oxide nanoparticles; SD, standard deviation.](ijn-11-905Fig1){#f1-ijn-11-905}

![Phenotypes, survival rate, and hatching rate of embryos following aqueous exposure to copper oxide nanoparticles.\
**Notes:** (**A**--**R**) Phenotypes of embryos from 24 to 72 hpf in the unexposed group (**A**--**C**) and copper oxide nanoparticle-exposed groups at concentrations of (**D**--**F**) 1 mg/L, (**G**--**I**) 6.25 mg/L, (**J**--**L**) 12.5 mg/L, (**M**--**O**) 25 mg/L, or (**P**--**R**) 50 mg/L. Note that embryos in the 12.5, 25, and 50 mg/L exposed groups have a shorter body axis, decreased pigmentation, smaller eyes, and larger yolk sacs. (**S** and **T**) Statistical analysis of the average survival rate and hatching rate. (**S**) Note that embryos in the exposed groups have significantly lower survival rate at 24, 48, and 72 hpf (analysis of variance, \**P*\<0.05). (**T**) The hatching rates in the 6.25 mg/L or higher groups were statistically lower than those in the unexposed and 1 mg/L exposed groups at 72 hpf (analysis of variance, \**P*\<0.05). Dorsal is up and rostral is left in (**A**--**R**). Scale bar in (**A**--**R**): 500 µm.\
**Abbreviation:** hpf, hours postfertilization.](ijn-11-905Fig2){#f2-ijn-11-905}

![Expression of *gstp1*, *cyp1a*, *tnfα*, and *sod1* mRNA, TNFα and SOD1 protein and measurement of SOD activity.\
**Notes:** (**A** and **B**) Expression of *gstp1* and *cyp1a* mRNA in unexposed groups and copper oxide nanoparticle-exposed groups at concentrations of 1, 6.25, 12.5, 25, or 50 mg/L. (**C** and **D**) Expression of *tnfα* and *sod1* mRNA in the unexposed, 12.5 mg/L exposed, and 50 mg/L exposed embryos. (**E**) Expression of TNFα and SOD1 proteins at 72 hours postfertilization. Note that (**F**) TNFα protein expression was increased, whereas (**G**) SOD1 protein expression was decreased in the 50 mg/L exposed group. (**H**) The result for the SOD activity assay. Note that SOD activity significantly decreased in the 50 mg/L exposed group (analysis of variance, \**P*\<0.05).\
**Abbreviations:** mRNA, messenger RNA; SOD, superoxide dismutase; TNFα, tumor necrosis factor alpha; GADPH, glyceraldehyde-3-phosphate dehydrogenase.](ijn-11-905Fig3){#f3-ijn-11-905}

![Liver development and hematoxylin--eosin staining of hepatocytes following aqueous exposure to copper oxide nanoparticles.\
**Notes:** (**A**--**I**) Whole-mount in situ hybridization with the riboprobe ceruloplasmin (*cp*) at (**A**--**C**) 48 hpf, (**D**--**F**) 72 hpf, and (**G**--**I**) 96 hpf. Compared to the unexposed group (**A**, **D**, and **G**, arrowheads), the exposed embryos or larvae show livers of reduced size (**B**, **C**, **E**, **F**, **H**, and **I**, arrowheads). (**J**--**L**) Hematoxylin--eosin staining from the (**J**) unexposed, (**K**) 12.5 mg/L exposed, and (**L**) 50 mg/L exposed larvae at 96 hpf. (**M**--**O**) Magnified images of (**J**--**L**), respectively. Note that the hepatocytes in (**N**) and (**O**) are irregularly shaped with darkly stained nuclei. Dorsal is up and rostral is left in (**A**--**L**). Scale bar: (**A**--**I**), 200 µm; (**J**--**L**) 200 µm; (**M**--**O**), 50 µm.\
**Abbreviation:** hpf, hours postfertilization.](ijn-11-905Fig4){#f4-ijn-11-905}

![Neuronal differentiation in retinas following exposure to copper oxide nanoparticles.\
**Notes:** (**A**--**I**) Sections taken through the retinas at 72 hours postfertilization. (**A**, **D**, and **G**) Zn12 staining; (**B**, **E**, and **H**) Zpr1 staining; and (**C**, **F**, and **I**) Zpr3 staining. (**J**--**L**) Note that there were fewer Zn12-positive, Zpr1-positive, and Zpr3-positive cells in treated compared to unexposed retinas. Scale bar: (**A**--**I**): 50 µm. \**P*\<0.05.\
**Abbreviations:** DAPI, 4′,6-diamidino-2-phenylindole; GCL, ganglion cell layer; INL, inner nuclear layer; L, lens; ON, optic nerve; ONL, outer nuclear layer.](ijn-11-905Fig5){#f5-ijn-11-905}

![Reduction of locomotor capacity following exposure to copper oxide nanoparticles.\
**Notes:** (**A**) Digital tracks of larvae from the unexposed, 12.5 mg/L exposed, and 50 mg/L exposed groups at 6 days postfertilization. (**B**) Heat maps of the digital tracks (**A**). (**C**--**H**) Statistical analyses on the average of the six parameters. Note that the (**C**) total movement distance, (**D**) velocity, and (**E**) the angular velocity in the two exposed groups are significantly lower in a dose-dependent pattern (analysis of variance, \**P*\<0.05). (**G** and **H**) The medium movement time and the slow movement time of the 50 mg/L exposed larvae were significantly longer than in the unexposed larvae (analysis of variance, \**P*\<0.05).\
**Abbreviations:** deg, degree; s, second.](ijn-11-905Fig6){#f6-ijn-11-905}
